One sentence summary: 238 U/ 235 U ratios for U-bearing accessory minerals from a diverse suite of terrestrial rocks indicate a >5‰ range with an average zircon value of 238 U/ 235 U = 137.818 ± 0.045 (2σ) which is consistent with the composition of other terrestrial and meteoritic reservoirs.
crystal-chemical and/or petrogenetic control on 238 U/ 235 U fractionation processes that operate at magmatic temperatures.
Forty-four of forty-five zircon 238 U/ 235 U measurements have a ca. 1‰ range, from 137.772 (Zim265) to 137.908 (168952) . There is resolvable variation between samples, but no first-order correlation with age, petrogenetic setting or geographic location. All five samples of uraninite, apatite, xenotime and baddeleyite fall within the compositional range of zircon. The resolvable 238 U/ 235 U differences between samples could arise from multiple processes, including incorporation of uranium from a protolith with fractionated 238 U/ 235 U into parental magma and isotopic fractionation associated with magmatic / mineral crystallization processes. Samples of similar genetic affinity typically show agreement in 238 U/ 235 U values, suggesting isotopic homogenization within some magmatic systems (e.g., zircon from Yellowstone's Lava Creek, Mesa Falls and Huckleberry Ridge ash-flow tuffs; Hungarian volcanic tuffs 97JP32 and 97JP33;
Californian tonalites 81P131 and 81P209; Ontarian pegmatites Bancroft and Cardiff; Minnesotan rhyolite and anorthosites MS9930, FC1 and AS3; Greenland tonalites 492118 and 492120; and monazite from British Columbian pegmatites FC-1 and 01RP1).
Of the zircon samples measured, 44 of 45 define an approximately normally distributed population with a mean of 137.818 and standard deviation of 0.022, with population parameters calculated using (28) , which corrects for the expected additional dispersion from analytical uncertainties. We propose that this average zircon value and its associated variability (137.818 ± 0.045/0.050, 2σ), which is traceable to the SI system of units, is applicable for the majority of U-Pb determinations and, in the absence of an independently determined 238 U/ 235 U, should be adopted for future use in U-Pb geochronology of zircon. The first uncertainty reported reflects the variability found in nature, while the second additionally incorporates systematic uncertainties in the isotopic composition of the tracer. Other phases, such as monazite and titanite require further assessment of their 238 U/ 235 U variability.
Adoption of the average 238 U/ 235 U zircon value of 137.818 ± 0.045 for use in zircon geochronology will decrease 207 Pb-206 Pb, 207 Pb-235 U and 206 Pb-238 U dates compared to those calculated using the conventional 238 U/ 235 U value of 137.88 (12, 18) . For 207 Pb dates, the 238 U/ 235 U ratio is implicit in the age equation and the magnitude of the difference is largest, changing gradually from ~1 Myr for <100 Ma samples to ~0. 7 Myr at 4 Ga ( Fig. 2A) . The observed variability in 238 U/ 235 U zircon may limit precision for >1 Ga zircon samples with no independent 238 U/ 235 U constraint. For 207 Pb-235 U and 206 Pb-238 U dates ( Fig. 2B,C) , the mineral 238 U/ 235 U is used in tracer subtraction and fractionation correction calculations for tracers enriched in 235 U that are commonly employed in high-precision U-Pb geochronology (see SOM text). For typical sample/tracer 238 U/ 235 U ratios close to unity, the biases are <500 kyr for 207 Pb/ 235 U dates and <30 kyr for 206 Pb/ 238 U dates <4.4 Ga. For Phanerozoic zircons, the change in 206 Pb/ 238 U dates is <4 kyr.
High-precision U-Pb isotope analyses of closed-system zircon and xenotime have also been exploited to derive a more precise λ 235 U (2, 3, 29) . In this approach, the systematic bias between 206 Pb-238 U dates and 207 Pb-235 U dates is minimized by solving for a new value of λ 235 U relative to the more precisely determined λ 238 U (1). These studies have used an assumed 238 U/ 235 U value equal to 137.88 (2, 3, 29) . Mattinson (2) discusses the effects of intermediate daughter disequilibrium, mass isotopic fractionation, tracer calibrations and 238 U/ 235 U on the accuracy and precision of U-Pb analyses. Our dataset includes a subset of samples dated in these previous studies and allows us to better evaluate the impact of a more accurate 238 U/ 235 U on uranium decay constant inter-calibration. Accepting the published U-Pb data (2, 3) and the samples' unique 238 U/ 235 U zircon values determined in this study yields a recalculated λ 235 U = 0.98531 Gyr -1 (Fig.   S10 ) intermediate between the Jaffey et al. (1) counting experiment value and the closed system U-Pb re-evaluations using 238 U/ 235 U = 137.88 (2, 3) . However, a robust λ 235 U can only be determined with U-Pb analyses using a tracer calibration that is traceable to SI units and free of other potential sources of bias, so we refrain from suggesting this value be adopted at present and urge caution in abandoning the Jaffey et al (1) λ 235 U determination until such a dataset has been generated and evaluated.
An emerging 238 U/ 235 U dataset for a wide range of rocks, minerals, and meteorites is now available (17, 18, 25, (30) (31) (32) (33) and compiled here ( Fig. 3) . Given that natural 238 U/ 235 U variation has been demonstrated up to ~0.13% (17, 18) it might be expected that a corresponding variation be observed in the U-bearing mineral data set as 238 U/ 235 U fractionated material from lowtemperature environments is incorporated into higher-temperature systems through crustal recycling processes. A first order observation from the compiled 238 U/ 235 U data is that materials formed in near-surface environments (e.g., chemical precipitates) record a wider range compared to crustal rocks and minerals formed in higher-temperature magmatic environments (17, 18) . This suggests that uranium in magmatic and derived crustal reservoirs (e.g., siliciclastic sediments) are isotopically well mixed compared to uranium in materials formed in near-surface environments, and that the low-temperature materials with highly fractionated 238 U/ 235 U comprise volumetrically minor reservoirs that are continually and efficiently homogenized via crustal recycling processes. Second, modern seawater and Quaternary seawater precipitates are systematically lower than the 'bulk Earth' 238 U/ 235 U composition, indicating 235 U enrichment in the marine reservoir. Seawater enrichment in 234 U (34) by ~147‰ relative to radioactive secular equilibrium is a well-known consequence of radioactive α-recoil processes and the preferential release of the non-lattice bound 234 U daughter nuclide into the hydrological environment (35, 36) .
Previous studies demonstrated a broad positive correlation between 234 U and 235 U depletion in near surface environments (17) but a recoil-related mechanism cannot account for 235 U/ 238 U fractionation as both are lattice bound. Zircon acid leaching experiments carried out in this study also recorded a systematic enrichment in 235 U in the leachate (27) suggesting preferential leaching of lattice-bound 235 U, and similar fractionation has been detected in euxenite leaching experiments (17) . By analogy we suggest leaching of lattice bound 235 U during long-term chemical weathering of exposed crustal rocks as a viable mechanism to explain 235 U enrichment in seawater.
Uranium-bearing accessory minerals from a wide range of crustal and mantle-derived rock types record a restricted (0.07%) range of 238 U/ 235 U values that encompasses nearly all published 238 U/ 235 U values determined on high-temperature (i.e., magmatic) rocks/minerals including granites, dunite and basalts ( Fig. 3 ). The overlap in 238 U/ 235 U values for crust and upper mantlederived lithologies indicates no resolvable fractionation between the terrestrial reservoirs sampled. Furthermore, notwithstanding 238 U/ 235 U values of meteoritic material recording excess 235 U derived from extant 247 Cm (24, 25, 37) , ordinary chondrites, eucrites and the upper limits for calcium aluminum inclusions and carbonaceous chondrites overlap with the field delineated by terrestrial crust and mantle materials (30, 32, 33) . This agreement suggests a uniform 238 U/ 235 U was achieved relatively early during planetary accretion and that high-temperature terrestrialcrust and upper-mantle U isotope compositions are also likely to apply to the lower mantle, therefore defining the bulk silicate Earth isotope composition. In the light of agreement of terrestrial and meteoritic isotope compositions and current Earth accretion models (38) , this average 238 U/ 235 U value of 137.818 ± 0.050 would also represent the isotope composition of 'bulk Earth'. 206 Pb-238 U dates calculated with the consensus 238 U/ 235 U of 137.88 and the newly defined value of 137.818 ± 0.045. Gray bands represent the 2σ uncertainty from the variability in zircon 238 U/ 235 U determined in this study. The difference is calculated by subtracting the Pb-Pb or U-Pb date calculated using 238 U/ 235 U = 137.818 ± 0.045 from the Pb-Pb or U-Pb date calculated using 238 U/ 235 U of 137.88. U-Pb dates are modeled using typical analytical parameters (sample/tracer 238 U/ 235 U = 1) to illustrate the magnitude of differences. Fig. 3 . Compilation of 238 U/ 235 U data obtained on a wide variety of geological and extraterrestrial materials. The 'Bulk Earth' field (yellow band) is based upon the terrestrial/hightemperature dataset, consistent with eucrites and ordinary chondrites. Seawater and related precipitates show a systematic enrichment in 235 U compared to the 'Bulk Earth' field. Data are from literature sources (17, 18, 25, (30) (31) (32) (33) (39) (40) (41) and this study (zircon and other U-bearing minerals). 
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Database_S1._TIMSall Database_S2._MC-ICPMSstds Database_S3._MC-ICPMSzircon Database_S4._MC-ICPMSotherminerals.leachates Database_S5._Compilation Materials and Methods S1. Sample descriptions The minerals analysed were sourced from lithologies representing a broad range of geological environments and processes, covering a wide range of ages and geographic distribution ( Figure  S1 ; Table S1 ). Source rocks ranged from detrital sediments, ore deposits, felsic volcanics, pegmatites, granitoid, intermediate and mafic plutonics (including ophiolite sections), megacrysts, high-grade metamorphic rocks, and unambiguously mantle-derived rocks including carbonatites and kimberlites. Zircon was recovered from all source lithologies while other Ubearing minerals that are commonly used in U-Pb geochronology, including titanite, monazite, apatite, xenotime, uraninite and baddeleyite, were also targeted from a subset of suitable lithologies. Three samples included two co-existing uranium-bearing minerals: zircon-titanite (Fish Canyon Tuff), zircon-monazite (01RP1 pegmatite) and zircon-apatite (Mud Tank carbonatite).
S2. Sample dissolution and purification
High-purity mineral aliquots were concentrated using conventional mineral separation techniques. Multi-grain fractions and megacryst fragments were processed for each sample to yield sufficient purified U for the high-precision 238 U/ 235 U determinations. Therefore, these analyses, excluding those made on single fragments of large megacrysts, reflect volume and concentration-weighted average values. For several samples, additional aliquots (batches) of the same mineral separate were processed to check the reproducibility of our dissolution and purification steps.
Zircon preparation broadly followed the chemical abrasion pre-treatment method (42) . The annealing and leaching pre-treatment was performed on zircons to ensure that 238 U/ 235 U determinations were obtained on the closed-system zircon utilized in U-Pb geochronology studies. This pre-treatment also ensures that mineral or melt inclusions that are potentially not closed systems and possibly possess U isotope compositions different from the host zircons were removed. Multi-grain fractions and megacryst fragments were transferred into quartz dishes and annealed in a muffle furnace at 900°C for 60 hrs. The minerals were then weighed and transferred into pre-cleaned, Savillex PFA beakers. Zircon was leached in 29N HF for 12 hrs at 180°C in a Parr pressure vessel. Zircon leachates were stored separately in pre-cleaned Savillex beakers, and the residual grains were fully dissolved in 29N HF for >48 hours at 240°C in Savillex PFA microcapsules housed within a 125 ml Parr pressure vessel. Following dissolution, samples were dried to fluorides then re-dissolved in 11N HCl at 180°C over 12 hrs. This process was repeated until total sample dissolution and conversion to chloride form was achieved and verified by inspection under an optical microscope.
The dissolution of other silicate minerals (titanite, baddeleyite) followed the 29N HF and 11N HCl steps used for residual zircon. Phosphates (monazite, apatite and xenotime) were dissolved in 6N HCl; uraninite was dissolved in 16N HNO 3 . Solutions of minerals other than zircon represent the bulk dissolution of an entire non-annealed phase; the only exception to this was a single leachate that was separated from batch 2 of the Fish Canyon Tuff titanite. The IRMM 3636 233 U-236 U tracer (16) was added and equilibrated with the samples after dissolution was complete, but prior to anion exchange chemistry procedures. Uranium was chemically separated from the mineral matrix solutions using HCl-based anion-exchange chromatography with AG-1 X8 resin (43) .
For silicate minerals, the HF dissolution and chloride conversion steps removed virtually all Si matrix as volatile SiF 4 . The remaining principal matrix elements form cationic species in ≥6M HCl (Zr, Hf, REE, Ca) and are strongly excluded from binding to the anion exchange resin. As a consequence, matrix was strongly separated from U, which is strongly adsorbed to the resin as an anionic complex (43) . The relatively small Th partition coefficient in 3M HCl on AG-1 X8 anion resin results in most Th being separated from U during initial elution of the cationic matrix species. Residual Th on the column following matrix elution was incorporated into the U fraction during stripping of U from the resin. This Th was monitored as during MC-ICPMS analysis. Correction of the U isotope spectra for Th, manifested as 232 ThH + interference on 233 U, was based on a 232 Th measurement during static U isotope data collection together with a daily quantification of hydride production. Experimental evaluation of Th and U hydride production during typical optimized tuning conditions of the Neptune MC-ICPMS showed that 232 ThH + and 238 UH + production rates were equivalent. A daily 238 UH + production value, obtained by measurement of CRM 112a at the start of each analytical session following tuning of the MC-ICPMS, was therefore adequate for constraining the 232 ThH + production rate. Over several days of continuous operation, hydride production was observed to decrease slightly but was stable and consistent on timescales of a typical <24 hr analytical session. Hydride production ranged from ~2.7 to ~1.0 ppm during the course of the study, with an average hydride production rate of ~2 ppm. Measured zircon 232 Th/ 233 U ranged from 0.0002 to 0.2 with an average of 0.03. The average resulting 232 ThH + / 233 U was 6 × 10 -8 , corresponding to an insignificant correction on the 233 U peak and an insignificant average change of 0.06 ppm to the 233 U/ 236 U ratio used for mass bias correction (corrections ranged from a minimum 0.0004 ppm to a maximum 0.5 ppm).
S3. IRMM 3636 233 U-236 U double spike
The IRMM 3636 mixed 233 U-236 U double spike (16) was employed to accurately correct for mass fraction during sample processing and isotope ratio analyses. The 233 U/ 236 U ratio of this tracer has been calibrated using gravimetric principles, and its value is therefore traceable to SI units. We have corrected the sample 238 U/ 235 U for minor contributions of 235 U and 238 U from the IRMM 3636 tracer, and adjusted the 233 U/ 236 U ratio of the spike to account for the decay of 233 U (half life = 159,200 years) during the time elapsed between the date of determination of the molar abundances used for the 233 U/ 236 U ratio (16) and the date of our measurements. Uranium concentrations of samples were determined on a small aliquot, and then sample-spike solutions were mixed to give a 238 U/ 236 U ratio of 25-120 to minimize tailing of 236 U onto 235 U due to ion scattering (16) .
S4. Mass Spectrometry and Data Reduction
Uranium isotopic ratios were measured on the Thermo-Electron Triton multi-collector thermal ionization mass spectrometer (TIMS) and Thermo Fisher Scientific Neptune plus multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS) at the NERC Isotope Geoscience Laboratory (NIGL), UK. Analyses were performed on two analytical platforms because (1) the NIGL Neptune MC-ICPMS was purchased, installed and commissioned after the initiation of the project, (2) the ICPMS permitted analysis of the smaller U samples in this study due to its higher sensitivity for U compared to TIMS, and (3) analyses of the same mineral on both platforms provides an additional opportunity to assess and quantify external reproducibility.
S4.1. Method Configuration and Running Conditions: TIMS
Triton TIMS analyses were made following the methods outlined in (12) . Samples were loaded onto zone refined Re double filaments in dilute (2%) HNO 3 and slowly dried down before in-run evaporation at 1.8 -2.4A, and ionization at 4.6 -5.4A. Isotopes were analysed as U + ions on five Faraday collectors (Table S2A ) with 10 11 Ω resistors following repeated amplifier gain calibrations. Amplifier response times verified that <10 ppm residuals are achieved within 2-3 seconds and ion beam intensities were safely recovered after >3 second magnet settling times. To accommodate the limits of the Faraday detector system, 12 -44V 238 U and 0.09 -0.32V 235 U signal intensities provided sufficient counting statistics while avoiding amplifier saturation.
S4.2. Method Configuration and Running Conditions: MC-ICPMS
Neptune-plus MC-ICPMS analyses were conducted between January and May 2011. The mass spectrometer was coupled to either an Aridus I or II desolvating nebulizer (CETAC Technologies) that introduced the ~115 ppb U solutions at 80μL/minute, consuming ~1μg of U per analysis or 1/10 th the mass required for a TIMS analysis. Sensitivity under these conditions was ~350V / ppm U, consistently providing ~40V 238 U. Ar and N 2 flow rates and zoom optics were tuned daily for optimum sensitivity. Although amplifier gains were stable over week-long timescales, they were measured every day prior to data acquisition. Amplifier response times were also monitored daily to ensure they conformed to the same standards as TIMS analyses. All intensities were measured on Faraday collectors with 10 11 Ω resistors (Table S2B) . A single analysis involved three separate methods. The first and third method were identical and involved simultaneous determinations of -half-masses‖ at 232.54, 233.54, 234.54, 235.54, 236.54, 237.54 and 238.54 u using the L3 to H3 collectors. The second method occurred between the first and third, and was a measurement of the -on-mass‖ peaks of 232 Th, 233 U, 234 U, 235 U, 236 U, 237.04 u and 238 U using the L3 to H3 collectors. Each method began with either a single (method 1 and 3) or duplicate (method 2) peak-centering scan(s), followed by a 30 second wait before a 63 second defocused electronic baseline measurement. Each method consisted of 105 measurement cycles, broken into seven blocks of 15 cycles to ensure complete amplifier rotation was accomplished during method 2. The start of each block during method 2 included an amplifier rotation, additional wait time and a baseline measurement. Integration times were 1.049 seconds with a 3 second idle for methods 1 and 3, and 4.194 seconds with a 10 second idle for method 2. One complete analysis involving all three methods and an additional background washout could be completed within approximately 30 minutes. To maximize accuracy and precision, this measurement strategy incorporates a broadly equivalent duration spent measuring defocused electronic baselines as it did measuring half-mass and on-mass intensities.
S4.3. Spike Subtraction, Mass Bias, Abundance Sensitivity, Hydrides and Related Corrections
Spike stripping and mass bias corrections for TIMS and MC-IPCMS data were reduced following the approaches outlined in (12) . An exponential mass fractionation law was used to correct both the TIMS and MC-ICPMS uranium analyses (44, 45) . For TIMS, mass fractionation is typically ≤ 0.1% / u, almost an order of magnitude less than MC-ICPMS and relatively insensitive to the choice of fractionation law used.
Although abundance sensitivity, defined as the ion current of a species at mass m recorded at mass m-1 u due to scattered ions, is below 5 ppm on both the TIMS and MC-ICPMS, the large dynamic range of isotope intensities encountered in this study (~137.82 for 238 U to 235 U and ~75 for 238 U to 236 U and 233 U) and the required accuracy for 238 U/ 235 U necessitates detailed consideration of the tail correction. Tail corrections are carefully considered in the literature for 234 U/ 238 U determinations, where the 234 U/ 238 U is ~9×10 -5 and we build upon that knowledge (46, 47) .
Accurate tail correction requires knowledge of both the tail shape and the magnitude of the abundance sensitivity at the time of analysis, as well as the relative abundance of the isotopes present and the mass differences between them. In multi-isotopic systems, each peak will be affected by each of the other peaks, so that correction for a ‗family of tails' is required (48) . For both the Neptune MC-ICPMS and the Triton TIMS, we have measured the shape of the peak tails extending up-mass and down-mass from a large (ca. 40V 238 U) non-spiked CRM 112a using an ion counter. When plotted as log(intensity) vs. log(|238 -mass|), the tails from the 238 U ion beam define linear trends ( Figure S2 ), suggesting a power law relationship of the form of equation 1, where a and b are the slope and y-intercept of the linear trend in log-log space, respectively. The up-and down-mass tails define two different trends with separate line parameters, and the upmass tail has a significantly steeper slope and smaller intercept.
(1)
In general, the tail parameter (a) is reproducible over multiple analyses on each instrument and is consistent for 238 U and 235 U ion beams, but differs between the MC-ICPMS and TIMS ( Figure  S2 ). The y-intercept (b) is the logarithm of the intensity at mass (m-1) and is proportional to the abundance sensitivity, which varies between analyses. Because the power law relationship is scale invariant, once a and b are determined for a single peak, the peak tail for each isotope present can be scaled to its on-peak intensity.
To evaluate tail corrections, baselines for IRMM 3636 233 U-236 U-spiked standard and sample runs were measured at masses 238. 54 Tables  S2A and B) . On the Neptune, intensities at masses 237.54 and 236.54 were used to calculate the down-mass peak tail parameters for 238 U for each baseline cycle. The down-mass tails for all other isotopes were then scaled by their measured on-peak intensity and the sum of the downmass tails were subtracted from all on-peak measurements. The measured intensity at mass 237.04 was displaced above the power law fit through 237.54 and 236.54, likely due to an isobaric interference, as noted in a similar study by Deschamps et al (49) ) and was therefore ignored. Up-mass tails were corrected using the mean slope and y-intercept of the CRM 112a analyses, measured under identical conditions. For the TIMS determinations we take a similar approach but use 237.04 and 236.54 to define the slope of the tail, assuming that the isobaric interference detected at mass 237.04 on the ICPMS is specifically related to that instrument/ion source.
In order to assess the validity of this combined theoretical and empirical approach to tail correction we also tail-correct the remaining half-mass intensities not used in the slope calculations (i.e., 234.54). The residual half-mass intensities are plotted in Figure S3 and are within uncertainty of the amplifier noise (3 to 5 V for TIMS and MC-ICPMS).
The observed ion beam intensity at mass 236 on the TIMS is comparable to the expected intensity of the scattered ions down-mass from the 238 U beam, whereas the apparent 236 U abundance on the Neptune was greater ( 236 U/ 238 U of ~3×10 -7 ) ( Figure S2 ). We speculate that the signal at mass 236 results from 235 U hydride as well as residual 236 U remaining in the sample introduction system. Following rigorous cleaning of the PFA spray chamber, nebulizer tip and tubing before and after sample runs, a small residual signal at mass 236 remained, illustrating the difficulty of obtaining negligible blanks with an ICPMS sample introduction system. This washout effect should affect both spiked samples and standards equally during analytical sessions. Because both the sample and the tracer isotopic compositions were nearly identical for each standard and mineral analysis, and the low intensity of the residual 236 U (tens of counts per second) compared to the sample 236 U (>300 mV), the resulting correction is negligible.
S4.4. Uncertainty Propagation
Our approach to uncertainty propagation and assessment follows from our earlier 238 U/ 235 U study (12) . The two levels of uncertainty quoted in this study are: (1) ‗measurement' uncertainty, or our ability to resolve differences between samples analysed by either analytical platform (TIMS or ICPMS), and (2) ‗total' uncertainty, which includes systematic uncertainties and is traceable to SI units. The first level comprises measurement repeatability and reproducibility, including signal and amplifier noise during analysis along with the external variance observed for repeated analyses of reference materials (e.g., CRM 112a) on TIMS and ICPMS. The second level additionally includes the systematic uncertainty contribution of the IRMM 3636 tracer used to correct for mass dependent isotopic fractionations. All uncertainties are quoted at the 2σ level.
After propagating all measurement uncertainties, there is resolvable variation in the 238 U/ 235 U values of the zircon samples measured (MSWD = 36 for n = 44, excluding Table Cape as an outlier). The measured variability in zircon 238 U/ 235 U reflects the sum of two sources of scatter: the natural 238 U/ 235 U variation and the estimated analytical uncertainties. We assume the distribution of true 238 U/ 235 U zircon values is approximately Gaussian and use an estimate of the overdispersion (28) to calculate the maximum likelihood estimate mean and standard deviation of the underlying 238 U/ 235 U zircon distribution, 137.818 ± 0.045. Propagating the additional systematic uncertainty from the IRMM 3636 isotopic composition (16) yields a total uncertainty for 238 U/ 235 U of 137.818 ± 0.050. However, if IRMM 3636 has also been used to calibrate the tracer used for zircon analysis (e.g., (50) ), care must be taken not to ‗double-count' this systematic uncertainty, and we recommend the measured uncertainty for general use in U-Pb geochronology.
S5. Results
S5.1. Standard Reference Materials Results
The 238 U/ 235 U compositions for a suite of commonly used natural and synthetic reference materials has recently been determined using SI-traceable 233 U-236 U double spikes to correct for mass fractionation (12, 51) . Included in these studies is the CRM 112a metal assay which has also been reanalyzed by several geochemical laboratories using both TIMS and MC-ICPMS. Agreement was demonstrated between the NIGL TIMS lab and others facilities at the ~50 ppm level (51) . To monitor and quantify the internal and external reproducibility of our 238 U/ 235 U and 234 U/ 235 U determinations, and to gauge our experimental accuracy we have routinely analysed the 112a and Harwell uraninite (HU-1) reference materials bracketing our unknowns over several months (Figures S4 and S5; Table S3 ). Our 112a and HU-1 determinations for 238 Figure S6 ). Consideration here should be made for the slight differences in experimental designs inherent to each study e.g., instrumental and analytical configurations, tailing corrections etc. Significantly, the average 234 U/ 235 U determined for HU-1 by TIMS (0.007554) and ICPMS (0.007563) agrees within 2σ uncertainties with the secular equilibrium 234 U/ 235 U (0.007568±13) defined by Cheng et al. (52) indicating a high level of accuracy in our measurements. 234 U/ 235 U is highly sensitive to tail correction procedures and inpart validates our approach to tail corrections.
S5.2. Mineral 234 U/ 235 U Results
Thirty-five of the 45 zircons have measured 234 U/ 235 U values that overlap at 2σ with the secular equilibrium values determined by Cheng et al. (52) , with notable exceptions being Paleoproterozoic rapakivi metadiorite 194720 and Triassic volcanic ash layer JP9733 ( Figure S7 and Table S4 ). Neither sample has an anomalous 238 U/ 235 U and no obvious reason for their anomalously low 234 U/ 235 U values has been identified. We tentatively ascribe low 234 U/ 235 U to preferential leaching of 234 U in situ, or during sample pre-treatment steps. Similarly, 234 U leaching effects may be subtly expressed in the eight other samples with 234 U/ 235 U slightly below secular equilibrium. Davis and Krogh (53) have previously attributed low zircon 234 U/ 238 U values to preferential dissolution of 234 U from alpha-recoil damaged lattice sites during acid leaching. Twelve of the thirteen other mineral samples also recorded 234 U/ 235 U values that overlap within their 2σ uncertainties with secular equilibrium, including both titanite samples and five of six monazite samples. The low precision of our 234 U/ 235 U is due to the small 234 U signals (~1 to 2 mV) and is insufficient to assess λ 234 U/ λ 238 U (52), but we consider our 234 U/ 235 U values to be accurate at the stated level based upon our analyses of CRM 112a and HU-1.
S5.3. Leachate Results
The chemical abrasion technique (42) , applied to all zircons analyzed here and described in Section S2, preferentially removes radiation-damaged zones of zircon that may have behaved as open systems, as well as mineral and/or melt inclusions. The leachates from 26 zircon and one titanite sample were analysed for U concentration. Of those, 18 leachates (typically with higher U concentrations) were selected for a high-precision 238 U/ 235 U determination, and were analysed using the same chemical and mass-spectrometry procedures outlined above for the zircon residues. The U isotope data for the leachate analyses are presented in Figure S8 and Table S5 . Each of the 17 zircon leachates exhibit systematically lower 238 U/ 235 U compared to the zircon residue, with an average offset of 88 ppm. This implies preferential leaching of 235 U from the crystal lattice and/or preferential dissolution of zircon and/or mineral inclusions with lower 238 U/ 235 U. The systematic difference between the leachate and residue suggests preferential leaching of 235 U from the crystal lattice as a viable mechanism.
Using the residue 238 U/ 235 U to determine a Pb-Pb zircon date assumes that the U and Pb remain coupled during the chemical abrasion procedure, so that the measured uranium isotopic composition of the residue is responsible for ingrowth of the measured radiogenic Pb isotopic composition. The bulk 238 U/ 235 U is generally within the 2σ analytical uncertainty of the residue. Thus if this assumption is not accurate we do not expect it to significantly affect our conclusions.
SOM Text
S6. Impact on accuracy of 207 Pb/ 235 U and 206 Pb/ 238 U dates It is not possible to precisely measure the 238 U/ 235 U for most modern geochronological applications because small sample sizes and the low relative abundance of 235 U limit the achievable precision. Instead, the quantity of 235 U used to calculate the 207 Pb/ 235 U date is commonly derived by dividing the measured moles of 238 U by the assumed 238 U/ 235 U = 137.88. This assumption is required when either a 235 U tracer is employed during isotope dilution and/or when the 238 U/ 235 U ratio cannot be determined with the required precision, which is true for almost all routine mineral U-Pb dating studies. Similarly, for microbeam U-Pb applications it is routine to only measure 238 U and use an assumed 238 U/ 235 U ratio to determine the abundance of 235 U or vise versa. For isotope dilution studies that employ a mixed 233 U-235 U double tracer, an assumed 238 U/ 235 U sample ratio is used to calculate the relative 235 U contributions from the tracer and sample in order to quantify mass dependent fractionation, which will impact the calculated moles of 238 U and hence the 238 U/ 206 Pb date. Thus 206 Pb/ 238 U, 207 Pb/ 235 U, and 207 Pb/ 206 Pb dates all rely on the 238 U/ 235 U ratio in different ways.
Given that there are numerous configurations of sample/tracer and U/Pb tracer ratios possible, we have chosen to explore the impact of 238 U/ 235 U on 235 U/ 207 Pb and 238 U/ 206 Pb dates with data calculated using a hypothetical 205 Pb-233 U-235 U tracer with a U/Pb ratio fixed at 100, a range of sample/tracer ratios ( 206 Pb sample / 205 Pb tracer from 0.0001 to 20) to quantify the difference in dates between using 238 U/ 235 U = 137.88 (‗consensus value') and 238 U/ 235 U = 137.818 ± 0.045 (average 238 U/ 235 U zircon , this study). Figure S9 illustrates the results of these calculations (using the algorithm of McLean et al. (54) ) for a number of test ages (50 Ma, 100 Ma, 500 Ma, 1 Ga, 2 Ga and 4.4 Ga) for the range of parameters described above. Plots S9A and S9B show that for 206 Pb/ 238 U dates there is a strong dependence on the sample/tracer ratio, with differences in 238 U/ 235 U resulting in increasing inaccuracy as the sample/tracer ratio increases, and for a given sample/tracer ratio the percentage date difference increases as a function of sample age. Importantly, for samples with typical sample/tracer ratios ( 206 Pb/ 205 Pb < 5) the difference for a 50 Ma sample (the most sensitive of our test ages) is less than 2 kyr, and although the difference increases as sample age decreases, the sample/tracer ratio typically decreases, mitigating the impact of 238 U/ 235 U inaccuracies on 206 Pb/ 238 U dates. For 207 Pb/ 235 U dates, the impact is intermediate between the impact on 207 Pb/ 206 Pb dates and 206 Pb/ 238 U dates. As with 207 Pb/ 206 Pb dates, there is a strong age dependence on the impact of 238 U/ 235 U on 207 Pb/ 235 U dates even when sample/tracer ratios are optimized ( Figure S9C and S9D) . However, the magnitude of the difference depends on the sample/tracer ratio, and under-spiked samples exhibit a greater difference between 207 Pb/ 235 U dates calculated using 238 U/ 235 U = 137.88 and 238 U/ 235 U = 137.818. These model data illustrate that the impact of 238 U/ 235 U on 206 Pb/ 238 U and 207 Pb/ 235 U dates varies as a function of sample age and sample/tracer ratio.
S7. Natural 238 U/ 235 U variation
In order to directly compare the absolute 238 U/ 235 U determinations made on U-bearing minerals in this study with 238 U/ 235 U determinations made on other geological and meteoritic materials, we have reviewed literature data and compiled a dataset of absolute 238 U/ 235 U determinations ( Figure  3 ; Table S6 ). The majority of these studies attempted to assess variation in 238 U/ 235 U, presenting data relative to a standard reference material, and therefore do not present absolute 238 U/ 235 U values. We have normalized these relative 238 U/ 235 U determinations using recently determined absolute values for the standard reference material used (12, 51) (see footnotes for Table S6 for details), allowing us to directly confederate these disparate datasets and assess absolute 238 U/ 235 U values and variation for different geologic reservoirs. Comparison of 238 U/ 235 U determinations made in different laboratories on the same (e.g., CRM 112a (51)) or similar (e.g., seawater (17, 18) ) samples indicate data can be compared at the <100 ppm level. 
Fig. S2
Mass spectrum from 234 U up to 238 U using an ion counter on (A) the Neptune ICPMS and (B) Triton TIMS instruments. Five scans are plotted as log(intensity) vs. -log(238-mass), given by the black axes, with the mass and intensity equivalents given on the red axes. The linear trend from mass 236.5 past 237.5 implies a power law relationship between down-mass scattered ions and distance (in u) from the peak.
Fig. S3
Tail shape and correction efficiency for Triton TIMS and Neptune MC-ICPMS analyses. Plot of average measured and corrected half-mass intensities made before and after on-peak measurements for zircon, other minerals, CRM 112a and HU-1. Corrected intensities typically lie within the noise of detector baselines (grey band). 
Fig. S7
Plot of 234 U/ 235 U data for U-bearing minerals analysed in this study. 
